INTRODUCTION
The Tsubonosawa paragneiss occurs as large xenolithic bodies (2 x 1 km in size) within the ear ly Carboniferous Hikami granite of the South Kitakami terrane, Northeast Japan (Fig. 1) . The gneiss has long been considered to be a fragment of the Precambrian basement complex on which Siluro-Devonian formations were deposited. But until now no Precambrian ages to confirm this view have been obtained. Reported K-Ar ages range from 273 to 113 Ma (Shibata, 1973; Shibata and Uchiumi. 1975) . and are interpreted to have been rejuvenated in varying degrees by the thermal effect of the Cretaceous Kesengawa granite. Shibata (1974) made whole-rock Rb-Sr analyses of three paragneisses and one am phibolite, and reported a Rb-Sr whole-rock isochron age of 346± 18 Ma (originally 334 Ma, it was recalculated using the currently accepted decay constant of 1.42 x 10-"/y, see Steiger and Jager, 1977) . Shibata (1974) interpreted this isochron age as the time of Sr isotopic homogenization through entire mass of the gneiss during the intrusion of the host granite, and suggested from the high initial 87Sr / 86Sr Since monazite is a ubiquitous accessory mineral in clastic, igneous and metamorphic rocks, contains very little initial Pb compared with radiogenic Pb (e.g. Williams et al., 1974; Corfu, 1988) , and gives essentially concordant U-Pb and Th-Pb ages (e.g. Burger et al., 1965; Koppel and Grunenfelder, 1971; Grauert et al., 1974; Koppel, 1974) , it may be useful for pro viding reliable chronological information. Monazite, once formed, does not lose significant portions of its radiogenic Pb even at tempera tures above 600°C (e.g. Koppel and Grunenfelder, 1975 On the basis of electron microprobe analyses for precise determination of low-level Th, U and Pb (Suzuki, 1987 (Suzuki, , 1988 Suzuki et al., 1990) , we have developed an im proved chemical Th-U-total Pb method for monazite age determination . This method permits the initial Pb correction and gives reliable age information. In this paper, we report the result of detailed analyses of monazite, zircon and xenotime from the Tsubonosawa paragneiss and the Hikami granite using our improved chemical Th-U-total Pb isochron method.
GEOLOGICAL SETTING AND SAMPLE DESCRIPTION
The Tsubonosawa paragneiss consists largely of biotite gneiss with subordinate amphibolite (Suzuki, 1956) . The boundary between the gneiss and the Hikami granite is generally sharp, but numerous veins from the granite inject into the gneiss along foliation. Local occurrence of an dalusite and sillimanite (Suzuki, 1956) indicates that the gneiss formed under the amphibolite facies conditions. The western margin of the Hikami granite is intruded by the Cretaceous Kesengawa granite (112 Ma K-Ar age, Kawano and Ueda, 1964b; 112(108) ± 39 Ma Rb-Sr whole-rock isochron age, Shibata, 1974) , and thermally metamorphosed. The thermal metamorphism resulted in recrystallization of biotite into fine-grained aggregates along the boundary between grains of quartz and feldspars. The rest of the Hikami granite is most ly in fault contact with the Paleozoic formations including the Silurian; none of these Paleozoic formations have received the apparent thermal effect of the Hikami granite. Radiometric ages of the Hikami granite, like those of the Tsubonosawa gneiss, are highly discordant (Kawano and Ueda, 1964a; Shibata, 1973; Murata et al., 1974; Shibata and Uchiumi, 1975 (Fig. 2) and YLy on PbMa (Fig. 3) was eliminated using M j8 lines or corrected through the procedure de scribed by Amli and Griffin (1975) . To eliminate the possible interference of KKa on UM,8, analyses were carried out on separated grains which were mounted with epoxy resin on a glass slide. The standards are euxenite provided by Smellie et al. (1978) for Th and U, synthesized glasses prepared by Drake and Weill (1972) Table 2 ; other analytical data will be reported elsewhere (Suzuki and Adachi, 1991) . The chemical Th-U-total Pb isochron method (CHIME: is as follows. In the first step, we obtain an apparent age (t) from each set of the Th02, U02 and PbO concentrations ( Fig. 3 . X-ray emission spectra in the region of PbMJ3 to PbM« obtained with the pulse-height discriminator for monazite (MOl) and xenotime (X01) in the 2611A sample, and the Y-standard (REE3) prepared by Drake and Weill (1972) . 211U/235U=138 , and A the decay constant of each isotope; A232=4.9475 x 10-"/y, A235= 9.8485 X 10-10/y and A238=1.55125 x 10-10/y (Steiger and Jager, 1977) . Taking the apparent age (t), we turn the sum of Th02 and U02 into Th02* (monazite) or UO2* (zircon and xenotime) by: We determine the best-fit regression line with the procedure proposed by York (1966) , taking ac count of uncertainties in the microprobe analyses, and calculate the first approximation of age (T) from the slope (m) of equations: Then, we can obtain the second approximation by replacing the apparent ages (t) with the first approximation age (T), and so on. The intercept (b) of the line is assumed to represent the concen tration (wt.%) of the initial PbO. A significant amount of initial Pb or Pb-loss, if present, would deviate the line from the origin. Initial Pb correction through the chemical Th-U-total Pb isochron method was tested with data obtained from accurate isotopic analysis of monazite from rocks of the Ivrea-Ceneri zones, Southern Alps, Italy (Koppel, 1974) and zircon from rocks of the Hida terrane, Japan (Ishizaka and Yamaguchi, 1969) . The monazite from the Ivrea-Ceneri zones contains 2-13 ppm initial Pb, and gives 268-316 Ma 207Pb /206 Pb ages and 259 301 Ma 208Pb/232Th ages (Table 3) . If we com bine these six data, we obtain a chemical isochron age of 303 ± 40 Ma with MSWD =2.30 and an intercept value of -0.0028±0.0092. In the same way, the zircon from the Hida terrane gives a chemical isochron age of 236 ± 32 Ma with MSWD=2.48 and an intercept value of 0.00032±0.00017; the isochron age coincides well with the isotopic Th-U-Pb ages (230-256 Ma, see Table 3 ), and the intercept value approx imates the amount of isotopically determined in itial Pb (1.6-4.8 ppm). Table 3 . Test for reliability of the chemical Th-U-total Pb isochron method (CHIME) using isotopic data of monazite (Koppel, 1975) and zircon (Ishizaka and Yamaguchi, 1969) Monazite from rocks of the Ivrea-Ceneri zones, Southern Alps, Italy (Koppel, 1975) Zircon from rocks of the Hida terrane, Japan (Ishizaka and Yamaguchi, 1969) Th U (wt. %) (wt. %) , and the Naegi granite (square), central Japan. The linearly arrayed data points define isochrons which pass through the origin; this suggests that monazite has remained in a closed system and contains little initial PbO. Error bars in the figure represent 2a analytical uncertainty, and errors given to the age, inclination and intercept are of 2a.
Th02* diagram (Fig. 4) . The chemical age of 410 ± 20 Ma (errors quoted for the chemical ages are of 2a) is compatible with the K-Ar age of 411.9±9.4 Ma (Williams, 1973) . The analytical data for the core and rim of monazite from the Hida gneiss of Wada-gawa, Japan, define two distinct regression lines. The core age of 250 ± 10 Ma corresponds to the Sm-Nd mineral isochron age of 274 ± 13 Ma determined on the same sample (Asano et al., 1990) , and the 160±30 Ma rim age to the K-Ar biotite age of 161 ± 5 Ma (Shibata et al., 1979) . The chemical age for monazite from the Naegi granite in Nakatsugawa, Japan is 65 ± 10 Ma, and accords with the K-Ar biotite ages of 64-72 Ma (Shibata et al., 1962; Kawano and Ueda, 1966) . The ex cess 206Pb due to excess 230Th (Scharer, 1984) lit tle affects the slope (m) of Th-rich old monazite, because the amount of excess 206Pb is calculated to be only 4% of radiogenic 206Pb for 100 Ma monazite and less than 2% for 200 Ma and older ones.
The (Fig. 5) , and yield an age of 1580±30 Ma which accords well with the 206Pb/207Pb age of 1650 Ma for zircon (Polkanov and Gerling, 1960) . Data points of xenotime from the Ryoke gneiss in the Yanai district, Japan are arrayed linearly on the PbO-UO2* plot and yield an age of 79±6 Ma (Fig. 6) 
RESULTS
Monazite from the Tsubonosawa paragneiss Figure 7 shows results of the microprobe analysis of a monazite grain (grain No. 39, ca. 0.15 mm across) from the gneiss sample (No. 2301) and the PbO-ThO2* plot of the analytical data. Although the monazite grain is homo geneous under the microscope, the microprobe analysis reveals a significant variation in com position; the Th02 content varies from 3.29 to 6.50 wt. %, the U02 content from 0.259 to 0.821 wt. %, and the PbO content from 0.072 to 0.145 wt. %. On the PbO-ThO2* diagram, the data (square) for the region between the core and rim are plotted between these two isochrons, and one point (cross) for the outermost rim (Spot 2) lies below the 350 Ma isochron. Assuming that there is no initial Pb in Spot 2, we obtain an apparent age of 280 Ma.
We analyzed a total of 123 monazite grains from the gneiss samples (Fig. 8) . Most monazite grains show essentially the same pattern of zon ing in age as that of the grain shown in Fig. 7 . The data points for the core of these grains (large solid circle) lie on an isochron of 430± 10 Ma. Some small monazite grains, however, lack in cores with 430 Ma but have younger cores with single or multiple rims instead. As il lustrated in Fig. 8 Monazite from the Hikami granite As mentioned before, monazite is found only in one sample (No. 2614) collected from the im mediate contact with the Tsubonosawa paragneiss, and is thought to have been derived from the gneiss. The analytical data of monazite from the sample are summarized in Fig. 9 . Core analyses of large grains (large solid circle) lie on an isochron of 420 ± 20 Ma, whereas those of small grains on the 350±20 Ma isochron. The Xenotime from the Tsubonosawa paragneiss
Xenotime was analyzed only on cores of in dividual grains. They contain 0.04-0.35 wt. % Th02, 0.37-1.12 wt. % U02 and 0.019-0.066 wt.% PbO. The analytical data are plotted on the U02* and PbO plot (Fig. 10) Zircon from the Tsubonosawa paragneiss Lead in most zircons from the gneiss samples is hardly analyzed with the microprobe because of its very low concentrations, but some grains (about several %) contain measurable amounts of Pb as well as Th and U. There are several problems in applying the chemical method to age determination of zircon; one of the problems is the isotopic age discordance owing to the Pb loss. Krogh and his colleagues (e.g. Krogh, 1982a, b) , however, found that zircon of gem quality gives concordant U-Pb isotopic ages or shows least Pb loss. We, therefore, selected Figure 11 illustrates the PbO-UO2* relation ships of zircon from the gneiss samples together with morphological characters. Z55 grain in the 2302 sample, extremely well-rounded, contains 0.133 wt. % UO2* and 0.083 wt.% PbO at Spot Z55-1, 0.207 wt.% UO2* and 0.125 wt.% PbO at Spot Z55-2, and 0.214 wt. % UO2* and 0.134 wt.% PbO at Spot Z55-3. These data points define an isochron of 3040 ± 310 Ma. Z38 grain in the 2302 sample has a rounded core mantled by a thick secondary rim which shows concentric zoning and well-preserved crystal faces. The analytical data for the core (Z38-1 and Z38-2) are also plotted on the 3000 Ma reference isochron, and those for the rim (Z38-3, Z38-4 and Z38-5) define an isochron of 1960± 170 Ma. Four analytical data of subrounded Z26 grain in the 2302 sample give an isochron age of 1950±80 Ma, and four analytical data of subrounded Z66 grain in the 2302 sample define an isochron of 1570 ± 100 Ma. Subrounded Z06 grain in the 2301 sample, whose photomicrograph is not shown in Fig. 11 , con tains 0.078-0.162 wt.% UO* and 0.013-0.028 wt.% PbO, and gives an isochron age of 1200±20 Ma. We analyzed five different spots on euhedral Z30 grain in the 2302 sample; the data points, being arrayed linearly between Z30 1 and Z30-2 on the diagram, yield an isochron age of 840±30 Ma. Euhedral Z32 and Z70
grains in the 2302 sample define 510±30 and 500±30 Ma isochrons, respectively. Many of data points for zircon grains other than de scribed above fall close to the 3000, 2000, 1600, 1200, 850, or 500 Ma reference isochrons. Conse quently, the zircon grains from the Tsubonosawa paragneiss can be classified into these six age groups (Table 4 ).
The younger 850 and 500 Ma zircon grains typically exhibit euhedral forms without con spicuous abrasion. Although analytical data for the most Y-rich and /or metamict zircon scatter on the PbO-UO2* diagram, data points for some grains yield well-defined isochrons. For example, Z25 grain in the 2301 sample gives 400 ± 70 Ma gives an age of 320 ± 20 Ma. Metamict Z03 grain in the 2301 sample, containing 1.78-3.38 wt.% Th02 and 1.08-1.84 wt.% U02, gives an isochron age of 270 ± 40 Ma for the core and an apparent age of 90 Ma for the rim, whereas least metamict portion (Spot Z03-6) gives an ap parent age of 520 Ma. Similar zoning in age can be seen on Z50 grain in the 2302 sample, where the core gives a 540 Ma apparent age and the rim gives a 350 Ma apparent age. The 400±70, 320 ± 20 and 270 ± 40 Ma zircon ages probably represent the time of significant thermal events that cause Pb-loss from Y-rich and/or metamict portions of older zircons.
Zircon from the Hikami granite
Euhedral crystals of zircon with concentric zoning dominate in the granite samples. Most analytical data (large solid circles) are linearly ar rayed on the PbO-UO2* diagram (Fig. 12) , and yield an isochron of 340 ± 10 Ma. Some data points, however, deviate upward from this isochron and yield isochrons of 750±60 and 580 ± 160 Ma. The 750 and 580 Ma zircon grains are not distinguished morphologically from the 340 Ma ones. The older zircon is found mostly from the monazite-bearing sample (No. 2614) and is regarded as having been derived from the Tsubonosawa gneiss. Data points for some translucent grains, arrayed linearly in the region below the 340 Ma isochron, give an isochron age of 260 ± 50 Ma.
DISCUSSION

Metamorphism of the Tsubonosawa paragneiss
The Th-U-total Pb chemical isochrons disclosed that monazite in the Tsubonosawa paragneiss is multiply zoned with the ages of 430±10, 350±10, 260±10, and possibly 180 Ma. The zircon grains from the gneisses can be classified into 3000, 2000, 1600, 1200, 850 and 500 Ma age groups with conspicuous modes at 850 and 500 Ma. The age groups of 400±70, 320±20, 270±40 Ma are also detected. Most of 850 and 500 Ma zircon grains retain euhedral crystal forms, and show concentric growth zon ing indicating crystallization from viscous felsic melts (Speer, 1980) ; they are likely to have deriv ed from 850 and 500 Ma granitoids. Accord ingly, the sedimentation age for the protolith of the Tsubonosawa paragneiss as well as its metamorphism should be younger than 500 Ma. On the other hand, the oldest K-Ar age (3 54 ± 9 Ma, Shibata, 1973) Provenance nature of the protolith of the Tsubonosawa paragneiss The wide age spectrum and various mor phological characters of detrital zircon grains from the Tsubonosawa paragneiss show their derivation from multiple sources of different ages. Analytical data of the rounded core of Z38 grain and rounded Z42 grain from the 2302 sam ple, as noted previously, are plotted close to the 3040 ± 310 Ma isochron defined by Z55 zircon from the 2302 sample. If we combine these seven data points, we obtain a Th-U-total Pb chemical isochron age of 3080 ± 180 Ma (MSWD=0.1) with an intercept value of -0 .002±0.007. The observed Archean age is much older than the presently accepted oldest age in the Japanese Islands, which is a Rb-Sr whole-rock isochron age of 2055 ± 25 Ma (originally 1985 Ma, recalculated using A=1.42 x 10-11/y) for quartzo-feldspathic gneiss and granite clasts in the Kamiaso con glomerate from central Japan (Shibata and Adachi, 1974) . The 3000 Ma rounded zircon strongly suggests a contribution of recycled Ar chean components to the protolith of the Tsubonosawa paragneiss. The core-rim relation of Z38 grain (Fig. 11) supports the scenario that (1) primary crystallization of zircon in the early Archean, (2) weathering, disintegration of the host rock and abrasion during the transporta tion, (3) overgrowth of euhedral zircon on round ed core through magmatism of 2000 Ma, and (4) transportation and slight abrasion.
The magmatic zoning observed in some of 2000 Ma zircon (e.g. the rim of Z38 grain in Fig.  11 ) indicates that granitoids of this age existed in the source region of the gneiss-protolith. Subangular (e.g. Z38) and subrounded (e.g. Z26) forms of 2000 Ma zircon in the paragneiss suggest different degrees of abrasion during transportation or recycling. The wide age spec trum recorded on zircon grains suggests that the source region, at least in part, underwent multi ple thermal events such as plutonism and possibly very high-grade metamorphism about 1600, 1200, 850 and 500 Ma. This age spectrum reinforces our previous view that Precambrian basement rocks were widespread in the source region for Paleozoic-Mesozoic clastic rocks (e.g. Adachi, 1973) .
The 500 Ma magmatic zircon with well preserved crystal faces is most abundant in the Tsubonosawa paragneiss. This suggests that the majority of detritus for the gneiss-protolith was derived from the 500 Ma granitoids. The sedimentation of the gneiss-protolith may have been intimately related to the 500 Ma igneous as well as tectonic events in the source area.
Timing of the intrusion of the Hikami granite
The emplacement age of the Hikami granite has long been controversial, even after the well defined Rb-Sr whole-rock isochron age of 351(339)± 12 Ma was reported by Shibata (1974) . Much argument has been centered on whether or not the Hikami granite is of pre-silurian age. Murata et al. (1974 Murata et al. ( , 1982 , for example, reported an unconformable relation between the Hikami granite and an arkose sandstone bed of the Silurian Kawauchi formation at Kusayami zawa. On the other hand, Nozawa et al. (1975) reported that the Hikami granite intruded into the Devonian strata some 2 km southwest of Kusayami-zawa, although they did not refer to any obvious thermal effects of the granite on the Devonian strata.
Monazite in the granite was probably derived from the adjacent Tsubonosawa paragneiss through assimilation, whereas coexisting euhedral zircon is largely of igneous origin.
Monazite gives 420±20, 350±20, 260, 180 and 100 Ma chemical ages, and zircon gives 750 ± 60, 580±160, 340±10 and 260± 50 Ma chemical ages, respectively. Older zircon, like monazite, is likely to have been derived from the adjacent paragneiss. The 350±_20 Ma monazite and 340± 10 Ma zircon ages coincide well with the Rb-Sr whole-rock isochron age (351 ± 12 Ma) of the Hikami granite. Therefore, it is concluded that the Hikami granite was emplaced in the ear ly Carboniferous. The concept of the pre Silurian emplacement of the Hikami granite is neither supported by the chemical isochron ages for monazite and zircon nor the Rb-Sr whole rock isochron age.
and 180 Ma thermal events
As noted previously, the microprobe analysis revealed younger age signatures of 260, 180 and 100 Ma in rims of monazite and zircon grains from the Tsubonosawa paragneiss and the Hikami granite. The youngest 100 Ma age is re garded as overprinting due to the emplacement of Cretaceous granite. The 260 Ma chemical age is nearly equal to the K-Ar ages of hornblende from the amphibolite and the western portion of the granite (273±10 and 272 ± 9 Ma, respec tively: Shibata and Uchiumi, 1975) , and the 180 Ma age is within the K-Ar ages of some chloritiz ed biotite from the eastern portion of the granite (164-190 Ma: Shibata, 1973; Murata et al., 1974; Shibata and Uchiumi, 1975) . The good accor dance of chemical ages between monazite and zir con from the paragneiss and the granite suggests that both of the rocks underwent the same ther mal events of 260 and 180 Ma, which have not been hitherto identified. Both the 260 Ma and the 180 Ma thermal events appear to be rather enigmatic, because no rocks of these ages are known to occur in or around the South Kitakami terrane. The occurrence of granitoid clasts with 237 ± 18-271 ± 9 Ma K-Ar hornblende ages (Shibata, 1973) in the Usuginu-type con glomerates is the only evidence, so far, for the 260 Ma thermal event. The Usuginu-type con glomerates, derived from nearby volcano plutonic complexes (e.g. Kano, 1971) Apart from the South Kitakami terrane, the ages of 260 and 180 Ma can be correlated with the ages of the main metamorphic event (ca. 250 Ma) and subsequent igneous activity (ca. 170 Ma) in the Hida terrane, central Japan (e.g. Shibata et al., 1970) . The 260 and 180 Ma ther mal events recognized in the Hida terrane are likely to have been extensive in Northeast Japan as well as in Southwest Japan.
CONCLUDING REMARKS
The present study demonstrates the reliabil ity of the chemical Th-U-total Pb isochron method for dating monazite, zircon and xenotime. It has been revealed that the Tsubonosawa paragneiss in the South Kitakami terrane of Northeast Japan was metamorphosed in early Silurian time (430 ± 10 Ma), not in Precambrian time. The paragneiss underwent multiple thermal events at ca. 350, 260, 180 and 100 Ma, among which the 350 Ma event cor responds to the intrusion of the Hikami granite. The monazite, zircon and xenotime age data show a complex pre-Tertiary history in the South Kitakami terrane; presumably the oldest igneous activity can be dated back to the Archean (ca. 3000 Ma). The chemical Th-U-total Pb isochron method is applicable to monazite, zircon and xenotime as young as ca. 100 Ma, if they contain sufficient amounts of Th, U and Pb. The method is a powerful new tool for the study of gneisses and granites as well as of clastic rocks of recycled orogens.
